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Abstract 
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ILo engineering model 30-cm ion thrusters have 
been assembled, calibrated, and qualification 
tested. This paper discusses the thruster design, 
performance, and power system. Test results 
include documentation of thrust losses due to 
doubly charged mercury ions and beam divergence 
- 
by both ~irect thrust measurements and beam probes. 
3 Diagnostic vibration tests have led to improved 
ao designs of the thruster backplate structure, feed 
system. and harness. Thruster durability is being 
demonstrated over a thrust range of 97 to 113 mN 
at a specific impulse of about 2900 seconds. As 
of August 15. 1974. the thruster has successfully 
operated for over 4000 hours. 
Introduction 
The 30-cm diameter mercury ion thrurter 
ir a primary propulsion candidate for deep apace 
and geoaynchronoua mirriona (1-3). Typically a 
thruster would conmum 2.75 kw o f - X t r i c a i  
pouer; produce 135 aN of thrurt at a .pacific 
i.pulse of approximately 3000 rec and would be 
required to operate in excera of 300 davr. An 
Engineering Model Thruster (m) tailored to 
m e t  these necda h.8 been developed by U S A  both 
through in-house efforts st the Lcvia Rarearch 
Canter and under contract at tha I h ~ h e s  Rerearch 
Laboratories. The coopera~ive effort. of these 
two programs have produced a rpectrum of unique 
technological advancer to bring the thruster to 
itr current high level of performnnce (4-19). 
This paper defines tne structural and oper- 
ational characteristics of the E W  and discusses 
in detail the changes which have been made to im- 
prove on the performance of the tvo precursor 
models (4). The data and references are presented 
in a manner which should be useful to systems 
designers and mission planners who are primarily 
interested in the state of the art as well as 
those who may be more concerned with specific 
design criteria or operational limits of the 
various components. Results of the first 4000 
hours of a continuous ongoing life test of a 
thruster and its associated flight prototype pouer 
conditioning are also summarized. 
Thruster Design Goals 
The E W  (Engineering Model Thruster) p e r  
formsnce goals are s thrust level of 135 mN at 
3000 seconds specific impulse with thruster 
nominal electrical power input of 2750 watts. 
Thrust throttling over a four to one range of 
input power is required for some applications. 
The thruster structure has been designed to be 
compatible with both the projected launch loads 
of either the Titan 111 E-Centaur or the Thor 
Delta vehicles as well as the constraints imposed 
by the gimbal mounts which control the relative 
thruster-solar array orientation during the 
mission (4). The thermal design requirements are 
dependent upon both spacecraft configuration and 
mission profile where solar intensities may vary 
by a factor of ten (1). 
Two precursor EngineerinqModel Thrusters were 
fabricated by Hughes Research Laboratories in 
response to the above design specifications. The 
first PCT, 1701, is undergoing endurance testing 
while the second. IY702, has been designated for 
structural qualification tests. Figures l(a). 
l(b) and lic) are photographs of the 700 aerlra 
Em. 
The structural-thermal design aspects and per- 
formance characteristics of EMT 701 and 702 have 
been described in some detail in reference 4. 
Briefly. the thruster is composed of five sub- 
assemblies: ion optics, neutralizer, cathode- 
isolator-vaporizer (C-IV), main isolator-vaporizer 
(MIV) and outer housing. Because some of the sub- 
assemblies contain nearly identical components, 
the thruster will be described on both a sub- 
assembly and component basis. 
Outer Housing 
The outer houming asrobly includer the basic 
rtructural elcmenta, magnetic circuit, anode and 
ground rcrern. The basic thruster structure is 
conrtructed of titanim and consists of two annu- 
lar ring8 connected by twelve ring supports 
(figure l(b)). The rtiff annular ring structure 
rrtvr to support the ion optics, gimbal pads, 
thrurter shell, backplrte, pole pieces and ground 
screen. The gimbal pad is connected to the ring 
rtructure with six inrulators. The allpninum rear 
braces (figure l(b)) stiffen the backplate and 
conduct.heat away from the cathode assembly. The 
high and low voltage harness (figure l(c)) erit 
the thruster at 230 degrees relative to the gi- 
bal axia. The three propellant lines join to a 
comon manifold which is mounted to the rear 
rhield. The ground screen includes a titanium 
mark, punched aluminum cover and rear shield. 
EPIT-701 overall mass is 7.3 kg. 
Ion Optical System 
It was determined that flat ion optics such as 
those used on early 30-cm thrusters were not 
stable under thermal-mechanical lo~ding and did 
not meet demanding long life requirements because 
of grid aputter erosion (8, 19). Dished ion 
optics have been developed (5, 6) which meet 
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t h r u s t  and s p e c i f i c  impulse performance require-  
mants and a l s o  s a t i s f y  a t t endan t  s t r u c t u r a l ,  
t h e r m ~ l  and r e l i a b i l i t y  considerat ions.  The ion 
o p t i c a l  ho le  a r ray  i n  the  molybdenum g r i d s  is 
produced by chemical mil l ing.  The g r i d s  a r e  f i r s t  
coated with pho tores i s t ,  photographical ly im-  
p r in ted  with the  des i red  p a t t e r n  and then hydro- 
formed t o  a 2.16 cm d i s h  depth. The holes  a r e  
then chemically etched. Screen and a c c e l e r a t o r  
g r i d  hole  diameters a r e  0.191 cm and 0.152 cm 
respec t ive ly .  The a c c e l e r a t o r  holes  a r e  loca ted  
on 0.22 cm c e n t e r s  i n  a hexagonal a r ray .  In  
order  t o  compensate f o r  t h e  g r i d  curva tu re  and 
make each ho le  beam-let pa rax ia l ,  t h e  cen te r  t o  
c e n t e r  spacing of t h e  screen g r i d  ho le  a r ray  is 
reduced by 0.4 percent  r e l a t i v e  t o  the  acceler-  
a t o r  hole  a r ray .  The g r i d  i n t e r e l e c t r o d e  spacing 
is approximately 0.060 cm. 
The ion e x t r a c t i o n  c a p a b i l i t y  and operat ing 
envelope of t h i s  s e t  of o p t i c s  i s  shown i n  
f i g u r e  2. A two ampere beam has  been ex t rac ted  
wi th  a t o t a l  acce le ra t ing  vo l tage  of l e s s  than 
1200 v although normal design t o t a l  a c c e l e r a t i n g  
vo l tage  is 1600 v. Typical  sc reen  and a rce le r -  
a t o r  vo l tages  a t  f u l l  t h r u s t  a r e  about 1100 v and 
-500 v respect ively.  Endurance t e s t s  ( g r e a t e r  
than 1000 hours) of these  o p t i c s  have shown negl i-  
g i b l e  a c c e l e r a t o r  g r i d  wear due t o  t h e  combined 
e f f e c t s  of low a c c e l e r a t o r  g r i d  vo l tage  and 
impingement cur ren t .  The ion o p t i c s  ho le  a r r a y  
compensation process y i e l d s  near ly  pa rax ia l  beam- 
l e t s  such t h a t  t h e  t h r u s t  l o s s  due t o  beam diver-  
gence is l e s s  than 1.5 percent .  
Discharne Chamber 
S ign i f i can t  ga ins  i n  d i scharge  chamber perfor-  
mance have been made by t h e  incorporatior1 of high 
perveance dished ion o p t i c s  desc r ibed  i n  t h e  
previous sec t ion .  S t a r t i n g  wi th  t h e  HRL 400 s e r i e s  
t h r u s t e r  (7, 8) a s  a base l ine ,  t h e  d i scharge  
chamber losses  v e r e  decreased by approximately 
70 evl ion ( a t  a p rope l lan t  u t i l i z a t i o n  of 0.93) 
when f l a t  ion  o p t i c s  were replaced by an EMT 
dished configurat ions (7) .  Further  performance 
ga ins  were made by increasing the  main magnetic 
f i e l d  s t reng th  and inc reas ing  t n e  b a f f l e  t o  sc reen  
po le  piece d i s tance  (7). Figure 3 s k w a  the  EMT 
magnetic c i r c u i t  which r e s u l t e d  from t h e  op t i -  
mizat ion s tud ies .  Also shown is a 74 t u r n  mag- 
n e t i c  b a f f l e  which c o n t r o l s  t h e  magnetic f i e l d  i n  
t h e  region of ho l lav  cathode e l e c t r o n  i n j e c t i o n  
(16, 17). Magnetic b a f f l e  c o n t r o l  permits t h e  
opera to r  ( o r  con t ro l  s y s t w )  t o  s e l e c t  t h e  amount 
of mercury vapor t o  be introduced through t h e  
hollow cathode s o  a s  t o  opt imize discharge cham- 
b e r  performance and s t a b i l i t y  over the  required 
t h r o t t l i n g  range. Figure 4 is a d i sp lay  of typi-  
c a l  EHT discharge chamber performance (un- 
corrected f o r  double ion iza t ion)  over  a 4 : l  
t h r o t t l i n g  range. 
Doubly charged mercury ions  (~g*) l ead  t o  a 
thrust-to-pcuer l o s s  r e l a t i v e  t o  ~ i n g l y  charged 
mercury ions. Further .  a low ~ g *  dens i ty  is 
d e r i r a b l e  t o  reduce discharge chamber s p u t t e r i n g  
s i n c e  the  s p u t t e r  y i e l d  of m e t a l l i c  atoms is 
near ly  exponential  with mercury ion energy i n  t h e  
range 20-80 w. Refarence 9 har  documented t h e  
i o n  beam doubly charged ion content  f o r  a t h r u r t e r  
v i t h  an E m  discharge chamber configurat ion.  The 
a r r o c i a t e d  t h r u s t  f a c t o r  necessary t o  c o r r e c t  t h e  
e l e c t r i c s l  metered t h r u s t  va lue  v a r i e s  from 0.96 
a t  2 A beam cur ren t  t o  approximately 0.99 a t  0.5 A 
( t a b l e  I ) .  The e l e c t r i c a l  metered t h r u s t  va lue  
assumes a l l  singly-charged beam ions. 
Main Cathode 
The main cathode assembly ( f i g u r e  5) is composed 
of t h e  hollow cathode, cathode hea te r  and i n s e r t  
(8, 11, 12).  The t h o r i a t e d  tungsten cathode t i p  
geometry is shown i n  f i g u r e  5 .  The cathode hea te r  
i s  made of the  following elements: A plasma 
sprayed tungsten l a y e r  on top of t h e  0.63 cm diame- 
t e r  tantalum tube, a l a y e r  of plasma sprayed 
alumina. 8 t u r n s  of 0.025 cm diameter tungsten- 
26 percent  rhemum wire  and a l a y e r  of flame sprayed 
alumina. The i n s e r t  is 0.10 cm x 0 . U  cm x 0.001 cm 
tantalum f o i l  coated with a barium/strontium oxide 
emissive mix. The i n s e r t  is mounted on tantalum 
wire,  r o l l e d  and loca ted  i n  t h e  cathode tube  0.6 cm 
from t h e  upstream f a c e  of the  cathode t i p .  The 
i n s e r t  has  been posi t ioned i q  t h i s  r e l a t i v e l y  cool  
loca t ion  t o  reduce cathode performance changes with 
time and prolong l i f e t i m e  (11). Also shown i n  
f i g u r e  5 is a tantalum f o i l  r a d i a t i o n  s h i e l d  re- 
quired t o  reduce h e a t e r  r d a i a l i o n  l o s s e s  during 
the  t h r u s t e r  preheat  sequence. The r a d i a t i o n  
f l ange  provides a l a r g e  s u r f a c e  a r e a  f o r  temper- 
a t u r e  con t ro l  when t h e  cathode is l o c a l l y  s e l f  
heated by t h e  discharge.  Nominal t enpera tu res  f o r  
the  cathode i n  t h e  p rehea t  and run condi t ions  a r e  
shown i n  t a b l e  11. 
Neut ra l i ze r  
A c a r e f u l  e f f o r t  has  been devoted t o  t h e  de f i -  
n i t i o n  of n e u t r a l i z e r  pos i t ion ,  cathode geometry 
and c o n t r o l  c h a r a c t e r i s t i c s .  The W n e u t r a l i z e r  
is loca ted  9 cm a x i a l l y  and 9 cm r a d i a l l y  from t h e  
l o s t  row of a c c e l e r a t o r  g r i d  ho les  ( f i g u r e  1 ) .  A t  
t h i s  pos i t ion ,  r e s u l t s  of r e fe rence  1 3  i n d i c a t e  
n e g l i g i b l e  d i r e c t  ion  beam i n t e r c e p t i o n  and ac- 
c e l e r a t o r  g r i d  wear due t o  n e u t r a l i z e r  ion  sput- 
t e r ing .  The n e u t r a l i z e r  cathode diameter, h e a t e r  
and i n s e r t  ( f i g u r e  6) a r e  i d e n t i c a l  t o  t h e  main 
cathode conf igura t ion .  The n e u t r a l i z e r  cathode 
o r i f i c e  dimensions a r e  0.38 m diameter by 1.22 mm 
long and were determined a s  a r e s u l t  of t h e  op t i -  
mizat ion program described i n  re fe rence  13. 
Neut ra l i ze r  t i p  and i n s e r t  temperatures dur ing  
preheat  and a t  a 2 A beam cur ren t  s e t  po in t  a r e  
shown i n  t a b l p  11. Cloaed loop c o c t r o l  of t h e  
n e u t r a l i z e r  vapor ize r  v i a  an e r r o r  s i g n a l  from t h e  
n e u t r a l i z e r  keeper vr'*-ge has  been demonstrated 
over t h e  required t l ing  range. Neut ra l i ze r  
flow r a t c s  l e s s  than *O equ iva len t  ma of mercury 
and t h r u e t e r  f l o a t i n g  vo l tages  l e s s  thah 20 v a r e  
held with a r e u t r a l i z e r  re fe rence  vo l tage  of 
approximately :S  v and keeper c u r r e n t s  from 1.3 t o  
1.7 A. 
Prope l lan t  I s o l a t o r s  
Prvpe l lan t  i s o l a t o r s  a r e  required t o  decouple 
t h e  t h r u s t e r  h igh  v o l t a g e  from t h e  feed system. 
The main and cathode p rope l lan t  i s o l a t o r s  
( f i g u r e  l ( b ) )  a r e  requ i red  t o  s t and  off  approxi- 
mately 1100 v a t  mercury p ressures  ranging up t o  
t ens  of t o r r .  The i s o l a t o r s  contain a s e r i e s  of 
seven alumina spacars  and metal  ac reens  vhich 
d iv ide  t h e  t o t a l  vo l t age  s o  t h a t  t h e  Paachen b rea r -  
down vo l tage  is no t  exceeded a t  any po in t  a l o ~  t h e  
tube. This  b a s i c  conf igura t ion  has  been employed 
by Hughes Research Labors to r ie r  mince 1968 (8). 
Early endurance t e a t s  (19) have ind ica ted  
unacceptable leakage current. ri.usod by u t a r i o r  
rur face  contaminrtion dua t o  depoait ion of s r t a l o  
o r  metal oxidoo (14). A number of procedural and 
deaign changes were u r d  t o  o l i m i n ~ t o  i r o l a t o r  
surface contaminrtion on t h e  M. These includedr 
re loca t ion  of the  cathode i a o l a t o ~  oppoaite t h e  
main i s o l a t o r  ( f igure  l ( b ) )  t o  a :  Lou operat ion of 
the assmbly  a t  lower taaperatur* (200-300. C); 
n icke l  p la t ing  a l l  meta l l i c  p a r t r  of t h e  i s o l a t o r  
asaambly t o  prevent oxidation;  mechanical at tach- 
ment of t h e  i a o l r t o r  ah ie lds  t o  el iminate pors ib le  
contamination from rpot  welding; el imination of 
the l i n e  of s i g h t  view of i s o l a t o r  hea te r  with 
i a o l a t o r  body; and bead b las t ing  t h e  a l u i n a  body 
with high pur i ty  alumina. The EMT i a o l a t o r  f lange 
temperatures now rango from 260-210. C over a 4:l 
t h r o t t l i n g  range (4). Endurance t e s t  r e s u l t s  of 
the  EWP-701 i s o l a t o r  i n d i c a t e  leakage cur ren ts  
l e s s  than 0.1 uA a f t e r  more than 4000 hours of 
t e s t .  
Figure 6 show t h e  n e u t . a l i z e r  propellant  
i s o l a t o r  which allows f o r  s comon mercury storage 
and feed system. This i s o l a t o r  requi res  voltage 
i s o l a t i o n  of l e s s  than 60 v. 
Vaporizers 
The cathode and n e u t r a l i z e r  vaporizers  a r e  
designed t o  operate i n  a temperature range of 
290-320. C. The main vaporizer operates i n  t h e  
same temperature range for  beam cur ren t  s e t  po in ts  
from 1.5 t o  2.0 A. The dimcJsions, dens i t l ea  and 
typ ica l  f lov  r a t e s  of the  various vaporizers  a r e  
shown i n  t a b l e  111. 
Poroua tungsten is se lec ted  based on ni trogen 
flow c a l i b r a t i o n  da ta  (15). The c i r c u l a r  d i sks  
a r e  then e lec t ron  beam welded i n t o  a vaporizer  
housing a f t e r  which f i n a l  flow c a l i b r a t i o n  and 
l iqu id  mercury in t rus ion  t e s t s  a r e  performed. The 
vaporizer  pore s i z e  is such t h e  li uid mercury 9 in t rus ion  presaure cxceedo 80 Nlcm (120 PSIA) a t  
room temperature. A l l  vaporizer  and i s o l a t o r  
hea te rs  a r e  coaxia l  n r a g d  assaobliea having 
nichrome conductor. magnesium oxide insu la tor  and 
inconel sheath. The nichrome hea te r  wire is 
0.25 m diameter which increases t o  a 0.50 m 
diameter before a i t i n g  t h e  hea te r  c o i l .  H u t e r a  
a r e  at tached t o  t h e  vaporizer  assembly with a 
n icke l  braze (8). 
EMT Test  
Design v e r i f i c a t i o n  t e s t s  of the  two precursor 
EW1r a r e  underway. Minor modif i c a t i o n s  t o  tho  
t h r u r t e r  structure have resu l ted  from diagnostic 
v ibra t ion  t e s t s .  Thruater harners and f a d  a y a t r  
layout haa been improved t o  provide a well  defined 
a y e t a  interface.  These modificat ions a r e  being 
incorporated i n t o  an 800 ser ies .  
DlT-701 Calibrat ion 
Performance c a l i b r a t i o n  of m - 7 0 1  over 4 4:l 
t h r o t t l i n g  range i r  ahown i n  t a b l e  I. Theae d a t a  
were taken with 0.5 p e r c m t  compenratod ion opt ic r .  
There o p t i c r  ware l a t a r  replaced with a 0.4 percent 
c a p e n s a t a d  s e t  t o  reduce acce l  lmpingaaent and t o  
reduce t h e  alignment precision required during 
aaararbly. The change i n  t h e  th rua t  f a c t o r  due t o  
ba- divargmce 11 l u r  than one percent. Tha 
w o r a l l  th rua te r  e f f ic iency  var iaa  from 0.716 t o  
0.486 and a f f e c t i v e  r p o c i f i c  lmpulra from 2911 t o  
1990 aeconda ovar tha ranga of t h r o t t l i n g .  For 
thema data,  no a t t r p t  war made to  optimize mag- 
n e t i c  b a f f l e  o r  n e u t r a l i z a r  koeper a r t  points .  
Thir impliaa por forunco  gainr  may still be posai- 
blo,  p a r t i c u l a r l y  i n  t h e  lowar t h r o t t l e  range. A 
a igni f ican t  amount of e f f o r t  remains i n  the  a rea  of 
d e t a i l e d  p e r f o r u n c e  mapping and cont ro l  charac- 
t e r i a t i c  documantation. 
Direct  Thrust H a a a u r o ~ n t a  
The JM th rua t  ( t a b l e  I )  l a  calculated from the  
metered values of beam current  and voltage. The 
calculatad valuer  a r e  corrected by doubly changed 
ion  and beam divergence th rua t  fac tors .  The t h r u s t  
factor* a r e  experimentally evaluated a s  described 
i n  references 9 and 10. In  order t o  ver i fy  these 
measurements member1 of the  LeRC E l e c t r i c  
Propulsion Branch s t a f f  have d i r e c t l y  meamred the  
t h r u r t  of an prototype. A c a l i b r a t e d  Em proto- 
type along wi th  i t e  propella?t s to rage  and feed 
a y s t m  was placed on a 3 wire pendulum t h r u s t  
s tand,  f i g u r e  7. Pcver was supplied t o  the  t h r u s t e r  
v i a  conductors from t h e  moving stand which was 
dipped i n t o  insulated mercury f i l l e d  pots. Pendu- 
lum displacement vas monitored by a l a s e r  in te r -  
f erometer. 
Thrust measurement6 were taken using an rn pro- 
totype with 0.35 percent compensated ion o p t i c s  
whose d i sh  depth v m  approximately 2.2 cm. The 
beam cur ren t  v u  var ied  between 0.5 and 2.5 A, n e t  
acce le ra t ing  voltage between 700 and 1500 v and 
discharge volt .ge between 33 and 45 v. Preliminary 
r e e u l t a  ind ica te  t h a t  a t  normal operat ing con- 
d i t i o n s  and 1100 v n e t  accelerat ing voltage. 37 v 
diochargo voltage and a 2 A ion beam current  t h e  
meuured t h r u s t  waa 130.6 5 . 6  mN. This represents  
a 5 percent th rua t  l o s s  r e l a t i v e  t o  t h e  idea l  t h r u s t  
ca lcu la ted  from metered values. The rn prototype 
and EMT-701 t h r u s t  values determined by t h r u s t  
s t l n d  mcwsuraenta and beam diagnostics respec- 
t i v e l y  compare t o  wi th in  one percent. 
EMT-702 Vibration Teot 
A d iagnos t ic  v ibra t ion  t e a t  was car r ied  ou t  on 
t h e  702 eWT. Sinusoidal ,  random and shock t e s t  
parametera a r e  shown i n  t a b l e  IV.  The f i r s t  th ree  
t e s t  segments were conducted f o r  th ree  orthogonal 
o r i e n t a t i o n s  ~f t h e  Enr. The fourth t e s t  segPent 
c a l l e d  f o r  high l e v e l  ainusoidal  v ibra t ion  t e s t s  
a t  18 g'e. 
Observations during t h e  th ree  ax la  9 g sinus-  
o i d a l  t e q t  indicated cracks i n  the  n e u t r a l i z e r  
cover, a broken MV tantalum feed l i n e  and a m i s -  
d i n e d  n e u t r a l i z e r  keeper. Dominant frequencies 
mearured i n  the  th rua t  axia d i r e c t i o n  were 160 and 
240 hertz.  
A broken CIV feed l i n e  occurred during t h e  
random vibra t ion  t e a t s .  The 30 8 shock t e s t s  were 
conducted without incident .  The f i n a l  t e s t  van an 
18  g mine t a r t  along t h e  t h r u s t  axia. This t e s t  
r e r u l t a d  i n  f rac turoa  of t h e  r u r  braces 
( f igure  l ( b ) )  a t  t h e  four par iphara l  mounting 
r ta t iona .  Tha unrupportad backplate then severely 
deflactod i n  tho t h r u s t  d i r e c t i o n  causing damage 
t o  o ther  compononta. 
Radoalgn a f f o r t a  include r t i f f e n i n g  of the  back- 
pla te  rupport structure,  a neutralizer a r r r b l y  
modification, and a new layout of the l iquid u r -  
cury f e d  ryrtom md e lec t r?cal  harnerring. The 
next generation thrueter Ek'.800 reria8 which in- 
cluder theme modification8 di f fer8  from the 700 
r e r i e r  only in  e t ructura l  deeign. The thrurtere 
w i l l  prerent identical  loads t o  a pwer  procerror. 
The e lmen t r  of the  derign modification center 
primarily around the thrur ter  backplate r t ruc ture  
(figure 8). Four h o l l w  titanium beom8 
(1.27 cm x 1.9 cm) rarve t o  a t i f f en  the backplate 
and rupport the cathode, ieola tor  and p l e n u  
usemblier.  Stainlera r t e e l  feed l inee  uit the 
main and cathode vaporizer housings para l le l  to  
the backplate and maniLold a t  two r ta t ionr  t o  
insure rhort  feec l i n e  rcne. Liquid propellant 
l i ne s  a r e  supported by double rhadw rhieldad 
insulatorr .  Provirion for  a tmpera ture  eensor 
i r  made on one surface of the ex i t  m i f o l d .  T h h  
renaor i a  necerrary to  detect  a i rozm wrcury  
feed ryatem. The aluminum rear  shield (figure l(c))  
v i l l  n w  have four dip brazed cap8 a t  the peri- 
phery to  a l l w  suff ic ient  reparation t o  the rear  
braces. The rear shield may be  r u i l v  r-ed 
without disturbing feed s y r t e  or harneer. The 
harnerr routing i s  sham in f igure  8. The termi- 
nals  provide ease of interfacing with pouer pro- 
cesaing ayrtem. The harnear ex i t s  through a 
f iberglaas i apregnated nylon cable clmp. 
The neutralizer arsembly r e q u i r u  a a t i f f e r  
mounting bracket, minor changer i n  the perforated 
cover and a less  cantilevered keeper u r s r b l y .  
The 700 aer ier  ion optics mount (4) contained 
twelve screen grid mounting brackets which vere 
attached t o  a tubular a t a in l e s r  r t e e l  ring. Thir 
ring w u  then mounted t o  the titanium annular ring. 
Ion optics a l i n g e n t  wam cmplicated by dis- 
tor t ion  of the r ta in leea  a t ee l  ring and machining 
of the twelve mounting brackets. I n  the  800 eer ier  
t h i s  has been changed t o  a titanium m a t i n g  
r t ruc ture  (figure 9). which mounts d i rec t ly  t o  the 
annular ring. The rcreen gr id  (without a molybdt 
num s t i f fening ring) v i l l  mount d i r ec t ly  t o  the  
titanium opt icr  mount. The t i taniumopt ica  
assembly has been ruccersfully vibration tested 
a t  vibration level r  comensurate with the  ampli- 
f ica t ion  factora experienced i n  the  prwioru  
vibration t e e t  of m-702. Calibration on a 
thruster before and a f t e r  vibration t e r t  indicot r  
reproducible performance. 
EIIF-702 v i l l  be refurbirhed t o  include a l l  
s t ruc tura l  wd i f i ca t ione  and then subjected t o  
the complete tut requence of calibration,  riaur- 
o idal  vibration, inrpection, random vibration, 
shock, ca l ibra t ion  a d  fino1 inrpoction, 
Endurance Tortin& 
The endurance t e a t  of EUT-701 in  b o h g  c a r r i a l  
out by H14$her Aircraft  Capany (HAC) i n  a ve r t i ca l  
5.6 m long by 2.7 m diameter v a c u u  f a c i l i t y  
equipped v i t h  a 2.4 m diameter frozrn n r c u r y  tar-  
get  (19). The purpore of thin t e r t  ir to  detor- 
mine the p o t m t i a l  l i fa t lme of the  BCT, t o  ovalu- 
a t e  long term control r t a b i l i t y  and a180 amcertain 
l i f e l i m i t i n g  phenomiru not obrervable i n  rhor t  
term t e s t s .  
The t e s t  w u  i n i t i a t ed  February 22, 1974 a t  a 
b u r  currant a r t  point of 1.5 A. During the  courae 
of the t a r t ,  the  beam current ha8 been r r i red  from 
1.5 t o  1.76 A. The 1.76 A b e u  current level  is 
coneidered near the maxima r e l i ab l e  allowable 
parer output of tha t  part icular p w r r  proceeror 
t e r t  conrole coneirtent v i t h  thrrmal conrtraintr .  
There have been no r igni f icant  unexpected vari- 
a t ionr  i n  the principal t t . m t e r  e l ec t r i ca l  pa- 
r u e t e r r  during th. f i r r t  4J00 hourr except fo r  
the neut ra l izer  keeper voltage (51 v) and thua 
r y r t r  f loa t ing  voltage. This e i tua t ion  waa cor- 
rected a t  the 1240 hour point i n  the t ea t  by incor- 
poration of a l i ne  regulator for the D.C. b ias  
euppliar which provide pwer  to the neutralizer 
controller.  A frozen nrut ra l izer  wrcury l i ne  
caueed thruater rhutdown a t  249 hours. Heaters, 
which had been inr ta l led  in  the f a c i l i t y  fo r  t h i r  
purpore, thawed the l ine.  Thrueter ahutdownr 
occurred on mix other occasion8 and were due t o  a 
c i r cu i t  breaker problm or prerrure r iver  i n  the 
v a c u u  f a c i l i t y  due to  loss  01 diffurion pump 
power or cooling water. A t o t a l  of meven thrur ter  
r r r t a r t e  vere ruccerrfully undertaken md n o w 1  
oparation w u  rerunad without d i f f icul ty .  In no 
event w u  the f a c i l i t y  opened t o  atmoaphere. 
Au tou t i c  data rampling i r  dona every hour a t  
the U C  f ac i l i t y .  A thrur ter  porforrance rummry 
i r  .ham kr table  V. Unprogr.rod rteady e t a t a  
axcurriolu i n  thrur ter  pa rue t e rn  during July 1974 
wore a8 f o l l w r :  be- current (<0.4X), acceler- 
a t o r  current (<3X), dircharge voltage (<1X), 
cathode koeper voltage (CSX). There typical  data 
a r e  b u d  on random data pointr taken over the 
tut s e p e n t  2780 - 3300 hourr. The neutralizer 
keeper voltage reference and flow r a t e  were 14.0 v 
and 37 2 3  equivalent or. of mercury during the 1.7 A 
bem current regment ( table  V). 
A change i n  neutralizer met pointr  war required 
a t  the 1.76 A b e u  current operating condition. 
F i m l  re lec t ion  of a neut ra l izer  reference voltage 
of 16.5 v and keeper current of 1.5 A gave control 
a t  a flow r a t e  of 27 equivalent ma of mercury. 
A8 of August 15, 1974, the thrur ter  ham logged 
over 4000 hours. The n u b e r  of high vcltage re- 
cycler i e  approximately 3 t o  5 per day. There ham 
bean no degradation of ion opt ics  bared on rccel  
curront and recycle r a t u .  The moin cathode har 
exhibited o x t r r e l y  f l a t  characteriatice.  I ro l a to r  
l u k a t o  currenta r u i n  a t  level r  ler. than 0.1 uA. 
Swen roproduciblo r e r t a r t r  have dao lu t r a t ed  
heater .ad cathode integrity.  Later i n  the  l i f e  
t o r t ,  tho, t a r t  conaolle w i l l  be replaced by a moJi- 
f i d  cow010 oad the  thruater w i l l  be incrementally 
t h ro t t l ed  t o  2 A bum current. 
Component Endurance Ter t r  
Toble V I  b r i e f ly  doacribea other l i f e  t a r t  data 
being gonerated on thrumtor component#. The t e r t  
of a u i n  cothodo hrr  acctmulated over 10,000 hourr. 
Cathod. dircharge charactor i r t ic r  r e v u l  no 8 i t -  
n i f i u n t  chaaau at  thin point i n  the  t o r t .  The 
tomt v u  rtoppod a t  8900 hourr dur t o  a terminal 
f a i l u re  of en uporimontrl  p1a.u rprayod a l u i n a  
h u t o r .  The h u t o r  f a i l u r e  vor due to  0 f a c i l i t y  
u l f u n c t i o n  vhich caurrd rapid lora of v a c u u  @nd 
backotroaing of d i f fur ion  p u p  o i l .  The cathode 
face and o r i f i c r  u h i b i t o d  no discernible p i t t i ng  
o r  erooion. 
Tho next t o r t  l i r t e d  i n  t a b l e  V I  ir  f o r  a u i n  
cathode with an upor imonta l  in re r t .  It h u  u i n -  
tainwt voltage i n t e g r i t y  and r u t a r t  r e l i a b i l i t y  
a f t e r  3000 hours of t e r t ing .  
The exporiaontal  n e u t r a l i z e r  configurat ion 
( tab le  VI) employ# 4 porour tungsten i n r e r t  in- 
pregcutod with m i r r i v e  mix (11). Thir cathode 
h u  demonotrated f l a t  dirchargo c h a r a c t o r i r t i c r  
and 21 reproducible r e o t a r t e  during 6500 hours of 
tert . 
An ENT u i n  i r o l a t o r  h r r  bean undergoing ex- 
tondod t h e w 1  and e l e c t r i c a l  s t r o r a  t e s t a  i n  a 
cryopumped b e l l  j a r .  I r o l o t o r  leakage current  i r  
l u r  than 0.1 uA a f t e r  2100 hours of operation. 
cra avorrge i r o l a t o r  body temperature of 320' C L 
a t t a i n e d  by povcr supplied by t h e  i s o l a t o r  and 
vaporizer  hoaterr .  
EWT P w e r  Procesring 
P w e r  S y r t a  
The maximum power capabi l i t i ea  f o r  a n  engi- 
neering model power processor a r e  ahma on t h e  
rchemetic c i r c u i t  diagram of f igure  10. The 
keeper and discharge suppl ies  provide open c i r c u i t  
voltager of about 1000 v and 75 v raspectively t o  
i n i t i a t e  t h e  diacharges. Open loop s e t  po in t r  a r e  
provided f o r  a11 supplies f o r  s tar t-up,  recyclo 
and t h r o t t l i o g  functions. In  addit ion the  main, 
cathode and neut ra l izer  vaporizer  supplies a r e  
a180 proport ionally control led f r m  s i g n a l s  re- 
l a t e d  t o  b u m  cur ren t ,  discharge voltage and 
neut ra l izer  keeper v o l t w e  respectively. Heater 
and vaporizer  ruppliea (except f o r  t h e  i s o l a t o r  
heater)  o re  d i r e c t  car ren t  regulated. 
Thermal vacuua breadboard power proceaaors have 
b e m  dweloped f o r  t n e  !34T by HAC and TRW. The 
1W: breadboard ir a modularized t r s n r i a t o r  
n i t c h i n g  system vhooe block diagram is r h o m  i?l 
f igure  11(a). The rcreen supply has four a c t i v e  
t r a n r i r t o r  bridgo invertern with a staggered pharo 
pulse width modulated drive.  Thir  configurat ion 
ha* stand-by inver te re  f o r  both screen and d i r -  
charge supplier .  F i n d  onaembly of t h e  breadboard 
power p r o c r a o r  is expected i n  l a t e  1974. 
Tho TRU s y s t a  a p l o y a  SCR w i t c h i n g  devices 
and i r  composed of a r c r e e ~ a c c e l  i n v e r t e r  and 
m o t h e r  i n v e r t e r  s t a g e  which provider p w e r  t o  
r u p p l i u  indicated i n  t h e  block diagram 
( f igure  l l ( b ) ) .  Tho b u i c  der ign  urer  a L-C 
se r i r  r r o r u n t  inver te r  p r o v i d i w  o ine  wave SCR 
c u r r r a t r  m d  cur ren t  l imi t ing  between power rourco 
and t h r u r t e r  (20). R u i o t i v e  load and t h r u r t e r  
i n t e r a t i o n  t e s t a  a t 0  underway a t  LOW. O p t h i -  
r a t i o n  o t u d i w  a r e  a l s o  being pursued a t  TllW t o  
inves t iga te  a th ree  inver te r  configuration. 
S t a r t  UP. Recycle and Thro t t l ing  
Tho IM s t a r t  up, which includeo ret point ,  
loop reforenco and raquence re lec t ion ,  w i l l  
u l t i u t e l y  bo w t o u t e d  v i a  computer a l g o r i t h m .  
A typ ica l  r t a r t  up p r o f i l e ,  t a b l e  VII, 10 c a  
pored of four p h u r a  f o r  both the main and 
n e u t r a l i z e r  d i r c h r r g r  (18). The p r o h u t  p k u e  
V 8 m  propollant  pusago8 t o  prevent condmrr t lon  
.ad condit ion.  cathodor f o r  i m i t i o n .  The n r x t  
phare i g n i t u  both t h e  ..in cathode and neutrol- 
isor .  In  tha cathode heat  p b o e ,  t h e  u i n  d i r -  
charge hea ts  t h e  t h r u r t e r  body and br ingr  t h e  f l w  
r y o t r  to  thoraul  equilibrium. During the  heat 
phare, tho main cathode and n e u t r a l i t o r  h u t o n  &re 
automatical ly curnrd off a f t e r  prrre1bct .d d i r -  
charge ra ia r ion  and nout ra l izer  h o p e r  current8 arm 
urcoedod. The power d a a n d  during any r e p e n t  of 
tho f i r s t  th ree  p h u e o  ir  l e r r  than 530 v a t t r .  Tho 
run phare involver appl ica t ion  of high voltage and 
ramping of the  beam cur ren t  reference. Steady a t a t e  
t h r u r t e r  operat ion ir  m i n t r i n d  by boam current ,  
dircharge vo l tage  ond n e u t r a l i z e r  keeper voltage 
closed loop proport ional  cont ro l le rs .  Tho r t a r t  up 
requence ir read i ly  accwpl i rhed  i n  45 minutoe o r  
l e r r .  fnvos t iga t iom a t  LeRC a r e  i n  progrorr t o  
determine thermal and temporal tolerances t o r  t h e  
s t a r t  up requence. 
Reference 18 has defined high voltage recycle 
procedures i n  d e t a i l .  The high voltage recycle ir 
i n i t i a t e d  when t h e  acreen cur ren t  o r  accol  c u r r m t  
exceed epec i f ied  comparator s e t  pointr .  Toble V I I l  
summarizes EMT recycle c o ~ m d d r .  The hea te r r  r c  
main of f  during t h e  recycle and cathode vapori tera 
rcmnin i n  proport ional  cont ro l  although t h e i r  
reference8 have been changed. The d i o c b r g e  
a i s s i o n  cur ren t  is c u t  back t o  approximately 0.7 A. 
Accel and screen voltage8 a r e  then comanded on and 
romped t o  t h e i r  respective r e t  pointr .  The re- 
appl ica t ion  cf the  acce l  volt .ge lead8 t h e  rcreen 
voltage by approximately 60 me. 
After  the  high voltages a r e  reer tab l i rhed ,  loop 
references and supply s e t  pointr  re turn  t o  t h e i r  
o r i g i n a l  va lues  a r  indicated i n  t a b l e  VIII. The 
recycle sequence is d i c t a t e d  only by i n t o n a l  pover 
processor hardware. 
For propored f l i g i ~ t  eppl ica t ionr ,  a c a p u t e r  w i l l  
perform t h r u s t  t h r o t t l i n g  which include s e l e c t i o n  
of oec point8 and loop re fe rmcer .  Spec i f ic  defi-  
n i t i o n  of t h r o t t l i n g  algorithm8 r e q u i r e  ox tear ive  
d o c u e o t a t i o n  of t h r u r t e r  per fonunce  and cont ro l  
c h a r a c t e r i r t i c s  over the  4: l  input  p w e r  range. 
Endurance t e s t s  of m - 7 0 1  have danonetrated long 
term s t a b i l i t y  a t  beam cur ren t  r a t  po in t r  of 1.5, 
1.6, 1.70, 1.75 A. 
Concluding R-r& 
Two engineering model 30 n ion t h r u r t e r s  (m) 
have been asr*led, ca l ib ra ted  and have been 
undergoing s t r u c t u r a l  and endurance q u a l i f i c a t i o n  
tea t# .  The derfgn of t h e  dirchorge chamber, ion 
opcica, haa ta r r ,  and l u f o r  r u b u r e a b l i u  ha* b e m  
frozen t o  y i e l d  a v e l l  d o c m m t e d  configurat ion 
f o r  power procoaoor and re la ted  i n t e r f a c e  dofi- 
n i t ion .  S t ruc tura l ,  h a m a r *  and l i q u i d  nercury 
feed ryrtem derign chanper have been incorporated 
t o  meet project& launch vehic le  load8 and othor 
thruot  ouboystem r e q u i r r w t r .  Teat r o r u l t r  in- 
clude d o c u m t a t i o n  of th rua t  l088e8 duo t o  doubly 
charged morcury ion# and bmm divergmco by both 
d i r e c t  t h t w t  w u u r m e n t o  and bum prober. At 
t h e  t h e  of t h i s  wr i t ing ,  an ongoing l i f e  test of 
t h e  Enr ha# d r w r t r a t e d  r s t i r f a c t o r y  operat ion f o r  
a period of f i v e  month.. Qual i f ica t ion  car t ing  of 
the  Kl(r w i l l  continue i n  tho o r w  of p o r f o r u n c e  
u p p i n g ,  thermal d o c u m t a t i o n ,  p w o r  procorror  and 
t h t w t e r  a r r a y  in tegra t ion ,  and f u r t h e r  ver i f  l- 
ca t ion  of long l i f e  capabil i ty.  
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Figure 2. - Ion beam current as a function 
of total accelerating voltage for EMT ion 
optics. 
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Figure 3. - EMT discharge chamber magnetic circuit. 
Dimensions are in centimeters. 
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Figure 4. - Typical EMT discharge chamber 
performance. Net accelerating voltage is 
1100 volts. 
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Figure 5. - Main cathode assembbj. 

Figure 8. - EMT backplate layout, Ba) series deshn. 
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Figure ll(a1. - 30 cm Transistor P w e r  Processor Block Diagram. 
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Figure ll(b1. - 30cm SCR Power Processor Block Diagram. 
